Introduction
Evolutionary concepts of the space station employ photovoltaic (PV) solar arrays and solar dynamic (SD) units which track the sun during orbital daylight to obtain electric power. PV arrays convert solar energy into electrical power using a large number of solar cells and the SD units produce electricity by supplying solar energy to a working fluid which operates an electricity generator. In the current design, the PV arrays are attached to deployable masts which are in turn attached through a rotary joint, celled a Solar Beta Rotary Joint (Beta Joint), to the outboard portion Alpha Rotary Joints (SARJ or Alpha Joints), regulate the relative rotational position of the outboard structure to the inboard structure. The attitude of the inboard structure is controlled by Control Moment Gyros (CMG's) and Reaction Control System (RCS) jets. The Alpha Joints are used to orient the PV array surface and SD concentrator normal vectors along the solar vector so that maximum solar energy may be obtained during the daylight portion of each orbit. The Alpha Joint control is designed to be a basic position tracking system with minor-loop velocity feedback to stabilize and provide damping to the rigid body tracking motion. A proportional-integral (P-I) compensation is added in both the velocity and position loops to minimize steadystate tracking error. 1 The allowable control bandwidth of the proposed SSF Alpha Joint controller 2 encompasses the resonant structural frequencies of the outboard boom and the PV and SD systems so that the possibility for adverse interaction between the rigid body control system and the elastic response of the structure exists. To compensate for the possible undesirable effect of control/structure interaction, a low pass filter is added to the velocity loop to attenuate the structural response signal. The proper placement of the comer frequency of the filter and selection of values for gain setting of the P-I compensation in the velocity and position loops are required to provide optimum performance. Selection of the proper filter and gain settings depends on the accuracy of the predictions of the structural frequencies and modal response at sensor and actuator locations. Since the space station configurations are too large and flexible to support their weight on earth, the structural dynamic characteristics will have to be estimated from analyticaJ models and component modal tests rather than from modal tests of the actual assembled structures. high degree of stability robustness to assure stable tracking for a range of variation in structural parameters possible due to configuration changes and errors in analytical estimation. The objective of this paper is to investigate how the increased rigid body inertia and the reduced fundamental structural resonant frequencies of the evolutionary space station concepts influence the stability and performance of the solar tracking control system.
Assuming that the station is maintained at a localvertical-local-horizontal (LVLH) attitude, the Alpha Joint rotation rate would be the orbital rate, completing a revolution approximately every 90 minutes. The LVLH Xaxis is parallel to the flight direction, the LVLH Z-axis is directed to the nadir, and the LVLH Y-axis is orthogonal to theorbit plane,Therotation oftheBeta Jointis extremely slow over an orbit and follows the yearly variation of the orbit plane. Since the Beta Joint motion is slow and the primary sun tracking function is performed by the Alpha Joint, the Beta Joint drive and control system are not addressed in this study. This paper is organized as follows: First, the significant components of the space station related to the Alpha Joint control are depicted and the sun tracking control system is described. Then, the procedure of synthesizing the control design variables is addressed. The synthesis procedure employs constrained optimization techniques to meet the SSF design requirements, to provide a given level of stability margin, and to obtain the most responsive tracking possible consistent with the assumed structural characteristics.
Finally, simulation results using the optimized design variables are presented.
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DescrlDtlon
of SSF evoluUonnrv cortcCDt_ The space station structure can be broadly divided into an inboard core structure and an outboard articulating structure. As shown in Fig. 1 , the inboard core structure of SSF is comprised of a module cluster, center truss, thermal control system (TCS) radiators, and various user payloads. The port and starboard truss, PV arrays and electrical power system (EPS) radiators constitute the outboard articulating structure and will be referred to as the outboard structure. The Alpha Joint connects the inboard and outboard structures and provides a means for relative rotation of the outboard structure with respect to the inboard structure.
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Two SSF based evolutionary concepts ire shown in Figs. 2 and 3. The Enhanced Operations Capability (EOC) configuration includes dual keels and upper and lower booms on the center truss, an additional module, increased thermal radiation capacity, and an extended outboard truss with SD units for increased power generation capability. The EOC configuration is designed to provide enhanced research and development capability, and support initial Space Exploration Initiative fSEI) activities. The Extended Operations Capability (XOC) cor guration is an augmented version of the EOC configuration with additional SD units on extended outboard truss booms, an additional module and pocket laboratories, increased thermal radiation capability, and a lunar vehicle assembly/servicing facility.
The XOC configuration is tailored to support assembly and verification of reusable lunar vehicles, and life science research required to facilitate a SEI Mars mission.
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Each Alpha Joint consists of dual motors, dual resolvers, a motor controller, drive pinions, a bull gear and trundle bearings as depicted schematically in Fig. 4. 3 The motor provides the torque required to rotate the outboard structure. The amount of control torque provided by the motor is determined by the motor controller based on the measurements obtained by the joint resolver and the desired rotation data from the Velocity Vector Generator (VVG) on the station. The motor drive pinion to bull gear ratio has been selected to minimize mechanical parts count and hence maximize reliability. 4 The bull gear Is rigidly attached to the outboard structure through a shear plate. 
UpperKeeland

DescrlDtlon of sun tracklna contrq|T svstqm
The SARJ motor controller generates the required motor torque based on the difference between the desired and measured relative joint position and velocity at points A and B as shown in Fig. 5 . Point A is fixed to the inboard structure while point B is located on the outboard structure. The desired relative joint velocity command is determined by the VVG on the station and is an input to the SARJ motor control system.
As The space station structure is modelled using finite etement techniques. The finite element models of the SSF configurations were created to investigate the influence of elastic response on the Alpha Joint control system design and performance. Two coincident grids were placed at the center node of the SSF Alpha Joint as indicated in Fig. 7 , to provide a rotational degree-of-freedom (DOF) about the Yaxis of the outboard structure.
These grids are rigidly connected in the other five DOF. Then the undamped natural frequencies and mode shapes of the finite element model were computed.
The finite element models have eight rigid body modes. The EOC and XOC finite element models were generated in the same manner.
The undamped natural frequency distribution of the SSF, EOC, and XOC configurations below 2 Hz is shown in Synthesis procedure of control system ¢nlQ._ u.kddu _ontrol system reoulrements The SARJ control system discussed earlier has six design variables to be selected to optimize control system performance and to satisfy prescribed design requirements. Table 2 
ModeHno of space station dynamics
The plant model includes the rigid body inertia of the outboard structure about the Alpha Joint axis and the flexible modes. Figure 9 shows a frequency response function (FRF) of the flexible body with all flexible modes of the finite element model up to a frequency of 2 Hz at the port Alpha Joint with the station configuration in the minimum drag PV orientation. The FRF shown is the magnitude ratio of the velocity response at the port Alpha Joint to net torque applied.
To investigate the changes in response characteristics as the outboard structure rotates, the FRF of the SSF port Alpha Joint with the maximum drag PV orientation was evaluated. The differences in FRFs for the two PV orientations are negligible at the dominant mode frequencies.
Thus, the plant model tor the Alpha Joint is considered time-invariant. Also, the port and starboard The mode shapes of the dominant modes are shown in Fig. t0 .
Design objective
The dominant mode for SSF corresponds to a rigid body rotation of the outboard trusses coupled with bending of the PV arrays. The dominant modes for EOC an XOC represent the transverse boom bending combined with the torsion of the outboard structure.
Other modes which might interfere with rigid body controllers are at higher frequencies.
Their influence would be attenuated further by any low pass filter used to roll-off the effects of the dominant modes and can hence be ignored during the control system design.
If a notch filter was used rather than the low pass filter to attenuate the dominant mode effects, the modes at the higher frequencies might still interfere with the rigid body controller.
Synthesi_
orocedure To simplify the synthesis procedure, the Iimiters in the control system are ignored. The friction block is assumed to have a transfer function of unity, which is a conservative assumption for robust design. The linearized block diagram is shown in Fig. 11 . The linearized control system is employed to perform design synthesis using a constrained optimization scheme.
It is desirable that the flexible modes Table 3 . The design results for SSF are taken from Ref. 7. The design for SSF and EOC satisfies all the prescribed design requirements. The position loop bandwidth of EOC is only marginally larger than the minimum design requirement and the position loop bandwidth design for XOC does not meet the SSF design requirement. As the frequencies of the dominant modes decrease for EOC and XOC, the corner frequency of the Butterworth filter is forced to decrease in order to meet the apparent gain margin constraint. The reduced bandwidths obtained for EOC and XOC indicate that the response of the EOC and XOC Alpha Joints will be sluggish compared to that of the SSF Alpha Joint. If the SSF bandwidth requirement is enforced for XOC, the SSF PDR Alpha Joint controller design may not be applicable. A revised controller design employing more sophisticated control/structure interaction techniques may need to be investigated.
However, it is logical to believe that, as the evolutionary space station increases in size, the bandwidth requirement will be reduced.
It was noticed that there existed more than one local minimum for the optimization problem so that selection of the initial guess values for the six design variables was important in obtaining the "best" local minimum. However, one cannot be guaranteed that this "best" local minimum obtained is the global minimum. The steady-state time domain requirements listed in Table 2 , which were not enforced during the optimization, were checked for violation using the optimized design variables through time response simulation. The following section discusses the design results in detail. Fig. 15 . After a brief initial transient period the tracking is performed accurately for SSE However, due to the smaller bandwidths achieved for EOC and XOC, it takes longer for the tracking error to be eliminated. The position error, i.e., the difference between the position command and the actual position response, is shown in Fig. 16 . The steady state pointing error, which should be less than 0.58 deg, is met within 40 sec, 150 sac and 760 sac for SSF, EOC and XOC, respectively. Jitter time history is shown In Fig. 17 . The steady-state jitter requirement is met for all the configurations. Figures 18 and 19 illustrate the torque generated by the motor to perform the Alpha Joint pointing and the net torque applied to the station after overcoming the friction. No net torque is applied to the station until the motor torque overcomes the static friction. Once the motion of the A/pha Joint is initiated, the dynamic friction comes into play and the magnitude of the steady-state motor torque is just enough to overcome the dynamic friction. As a result, the core structure of the station does not experience a net torque applied from the joint motor until after the initial transient period of 100 sec, 250 sec, and 400 sec for SSF, EOC, and XOC, respectively.
Design objectives
Design variables
The maximum torque available is approximately 30,000 in-lbf. The peak motor torque required is well within the torque limit. Therefore, the assumption that the motor is capable of producing the level of torque required by the synthesized design is verified.
The transient net torque applied on the outboard structure causes a reaction torque on the core structure. This reaction torque has to be compensated by RCS jet and CMG torques to maintain the attitude of the core structure. This paper assumes that the reaction torque is compensated ideally and the rigid body attitude of the core structure remains stationary.
If a feathering maneuver using the Alpha Joint is required during each orbit to . . :............. 
Concluslo_l#
This paper addressed the sun tracking control system design of the Solar Alpha Rotary Joint (SARJ) and the interaction of the control system with the flexible structures of Space Station Freedom (SSF-') evolutionary concepts. The significant componer_ts of the space station configurations pertaining to the SARJ control were described and the tracking control system design was presented.
Finite element models representing two evolutionary concepts, Enhanced Operations Capability (EOC) and Extended Operations Capability (XOC), were generated. Assuming that the SSF based solar tracking control system design and requirements are imposed on the space station evolutionary configurations, the influence of a low frequency flexible structure on the solar tracking control system performance was evaluated and how that influence limits the space station growth was explored. A procedure for synthesizing the values of the control system design variables was presented using a constrained optimization technique to meet design requirements, to provide a given level of control system stability margin, and to achieve the most responsive tracking performance. The synthesis procedure described in this study would be useful in designing tracking control systems of articulating large flexible structures whose dominant structural mode frequency is close to the control bandwidth. Control/structure Interaction was influenced by a limited number of dominant modes which were configuration dependent and not necessarily the lowest frequency modes. The dominant modes for SSF were characterized by the rigid body rotation of the outboard truss structure and bending of the photovoltaic array masts; whereas, the SSF evolutionary concepts exhibited dominant modes which were closer to the fundamental frequency and characterized by a combined bending and torsion of the transverse booms. The resulting control system design and performance for SSF, EOC, and XOC were compared. All design requirements were met except the bandwidth of XOC design. Due to the low frequency of the dominant XOC flexible mode, the SSF imposed minimum control bandwidth of 0.01 Hz was not achieved resuiing in sluggish performance. If the SSF bandwidth requirement is enforced for XOC, the SSF Preliminary Design Review Alpha Joint controller design may not be acceptable.
Revised controller design employing sophisticated control/structure interaction techniques may need to be Investigated or a lower bandwidth controller must be accepted.
The level of control torque applied during the startup tracking control period indicates that a feathering operation for each orbit to reduce the aerodynamic drag dudng the orbital night time may not be feasible. Since the Control Moment Gyros (CMG's) do not have enough control authority and the Reaction Control System (RCS) jet firings are required to maintain the attitude during the feathering operations in each orbit, the micro gravity environment would be disturbed and excessive amount of RCS jet fuel would be required. 
